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1. Introduction and background 

The expanding field of biotechnology, biomarker based medical diagnostics, and 

targeted drug delivery increasingly relies on the selective recognition of proteins. The 

current gold standard of protein measurement is based on antibodies which are costly and 

time-consuming to develop and have a short shelf-life. Molecularly imprinted polymers 

(MIPs), on the other hand, are much cheaper and easier to prepare and are more resistant 

to environmental conditions than antibodies. Molecular imprinting is a universal concept 

to generate materials with “molecular memory” by performing a polymerization of 

suitable functional monomers in the presence of a target molecule acting as a template 

(Fig. 1). The subsequent removal of the template creates recognition sites in the MIP that 

can, further on, selectively rebind the target. 

 

 

Figure 1. The concept of molecular imprinting 

 

However, this concept has been developed for the recognition of low molecular 

weight compounds and its adaptation to imprinting large targets like proteins is 

complicated by the structural variability of proteins, their large size and incompatibility 

with established MIP recipes. To avoid denaturation of protein templates polymerization 

in aqueous media using water soluble monomers and initiators was an evident choice, 

while the problem of the restricted diffusion of the bulky macromolecular template in the 

highly cross-linked polymer network initiated fundamentally different strategies. The 

first approach relies on using lightly cross-linked hydrogels similar to the ones used in 

gel electrophoresis
1
. The high degree of chain flexibility allows on one hand the free 

movement of macromolecules, but on the other hand it seems to result in lower structural 

stability of the imprints. Another important approach is the “epitope imprinting”, 

whereby a small, representative peptide sequence is used as the template instead of the 

native protein. This approach enables the implementation of non-aqueous polymerization 

media and complete template removal
2
. However, the rebinding of the targeted, much 

larger native protein may still be hindered in the MIP monolith. Therefore surface 

imprinting emerged as the main strategy for macromolecular imprinting. This approach 
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restricts the formation of imprinted binding sites to the surface of a polymer or to a very 

thin polymer layer the thickness of which is comparable to the size of the protein 

template. To maximize the binding capacity of the respective MIPs, generation of 

polymeric nanostructures with high area/volume ratio comes as a natural necessity. 

Implementation of “microfabrication” methods is also beneficial in terms of drastically 

reducing the required amount of template making available for imprinting presently 

unaffordable proteins (i.e., expensive or available in restricted quantities, e.g., proteins 

produced by cell-free protein synthesis). 

In my thesis work I have set out to develop a generic microfabrication method 

which ensures accessibility of the formed binding sites for the target molecules. To 

this end, I have combined protein imprinting with nanosphere lithography (NSL), 

which enabled the straightforward confinement of imprint formation to the 

polymer surface. 

In spite of a few reports claiming close to routine applicability MIPs still need 

substantial improvement to overcome disturbances caused by constituents of real 

samples. Presently the synthesis of MIPs follows a highly empirical strategy therefore a 

progress is expected either from a rational design or from the association of an empirical 

approach with high-throughput synthesis and detection methods. The latter could 

accelerate the determination of the optimal MIP compositions offering high affinity and 

selectivity. A few high-throughput methods have been developed for the chemical 

synthesis of polymers, mostly in miniaturized bulk format3 but these methods are 

not suitable for protein imprinting. Therefore I aimed at developing such an 

enabling technology compatible with electrochemical polymerization, which is 

especially well-suited for the synthesis of protein-imprinted MIPs. Most of the 

electropolymerizable monomers can be deposited from aqueous solutions where protein 

molecules preserve their natural conformation. Buffers that enhance the stability of 

proteins can serve as supporting electrolytes during the electrochemical polymerization 

process. Compared to free radical polymerization initiated generally either thermally or 

by UV light, which may cause structural changes in the protein template, 

electropolymerization most often requires no initiator. The precise control over 

electrosynthesis enables the fine tuning of the polymer layer thickness, which is 

particularly important for surface imprinting with protein templates. 

Template removal is a key step in the preparation of a molecularly imprinted 

polymer since this process will liberate selective binding sites. Incomplete template 

removal leads to loss of binding capacity and the remaining template might later leach 

out, falsifying measurements. Macromolecular templates, such as proteins, can be 

challenging to remove from the polymer network due to their large size and hindered 
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mobility. Enzymatic digestion has emerged as an alternative of solvent extraction for 

template removal but there is a lack of consensus in the MIP literature with respect to a 

suitable digestion protocol. Well-established digestion procedures cannot be directly 

taken from proteomics since the goal is different: for efficient template removal the 

protein has to be cut into as small fragments as possible. Therefore I have adapted and 

optimized a proteolytic digestion and I have demonstrated its applicability for 

template removal from protein-imprinted polymers. 

2. Experimental 

2.1. Nanosphere lithography-based protein imprinting 

The nanosphere lithography-based micropatterning method was demonstrated with 

avidin as model template (Fig. 2). First I have covalently modified aminated polystyrene 

particles (Ø792 nm) with a biotin-terminated cleavable crosslinker. I have subsequently 

coated avidin on the particles via avidin-biotin interaction. The particle suspension was 

drop-casted onto a gold-coated quartz crystal and allowed to slowly dry. The voids 

between the resulting self-assembled particle array were then filled with a polymer: 

poly(ethylenedioxythiophene) doped with poly(styrenesulfonate) was potentiostatically 

deposited at 0.9 V (vs. Ag/AgCl 3 M KCl). By monitoring the charge passed during the 

deposition I was able to control the thickness of the polymer layer, in order to embed the 

particles up to half-height. In the last step, the crosslinker was cleaved to release avidin 

and the particles were dissolved in toluene to obtain the surface-imprinted polymer. 

 

Figure 2. Scheme of nanosphere lithography based molecular imprinting of avidin; (a) oriented immobilization 
of Av with a biotinylated crosslinker onto aminated latex spheres and (b) self-assembly of the Av-coated spheres 
on a gold-coated quartz crystal, (c) electrodeposition of PEDOT/PSS in the voids of the array, (d) dissolution of 

the spheres results in an imprinted surface 
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2.2. High-throughput polymer synthesis by microelectrospotting 

For the high-throughput electrosynthesis of molecularly imprinted polymers, I have 

integrated a Ag/AgCl wire into a 10 µl micropipette tip (Fig. 3). I have filled the tip with 

monomer solution (aqueous solution of 1 mM scopoletin, 10 mM NaCl and 5, 10 or 

25 µM ferritin) and placed it onto a gold-coated surface plasmon resonance (SPR slide) 

which acted as working electrode, while the wire inside the tip served as counter and 

reference electrode. A potential pulse program was applied involving a number of cycles 

in which the working electrode (the SPR slide) was polarized at 0 V for 1 s and at 0.9 V 

for 0.1 s. The thickness of the polymer film was controlled by the electrical charge 

passed during electropolymerization. 

 

Figure 3. (a) Schematic and (b) photo of the microelectrospotting device based on a 10 µl pipette tip 

2.3. Template removal by proteolysis 

For proteolytic template removal I have chosen proteinase K, a protease with broad 

cleaving specificity. First I investigated the role of various pre-treatments on the 

digestion efficiency of horseradish peroxidase (HRP) or avidin in solution, then I applied 

the optimized digestion procedure to remove these two templates from an avidin-

imprinted microstructured polymer film (prepared with nanosphere lithography in a 

similar manner as described above), and from an HRP-imprinted core-shell particle MIP. 

Briefly, 10 µl 0.2% RapiGest
TM

 SF surfactant was added either to a protein-imprinted 

polymer or to the dissolved protein. Then 3 µl 100 mM dithiothreitol was added and the 

sample was shaken at 250rpm for 60 min. Next 27.5 µl CaCl2 (final concentration: 4.3 

mM) and 4.7 µl 200 mM iodoacetamide were added to the sample which was kept in the 

dark for 45 min. Finally 25 µl 1 mg/ml proteinase K was added and the digestion was 

allowed to proceed at 37°C with gentle shaking for at least 8 hours after which the 

polymer was separated from the supernatant. The supernatant was removed for 

subsequent HPLC-MS-MS analysis while the polymers were washed with surfactant or 

acidic methanol:water mixture to remove the protein fragments. Their rebinding 

properties were examined by QCM or in batch rebinding assays. 

b) a) 

motorized stage 



3. Results and discussion 

3.1. Nanosphere lithography-based protein imprinting 

It is essential in protein imprinting to create easily accessible binding sites amenable 

for free target exchange between the MIP and the sample phase. This can be achieved by 

confining the binding site formation to the surface of the polymer. For high binding 

capacities the surface localization of the binding sites should be combined with 

fabrication methods leading to high surface area/volume ratios of the respective MIPs. 

For this purpose, I have adapted nanosphere lithography, a method well-known in the 

field of plasmonics, where the self-assembly of nanospheres creates a colloidal crystal 

which serves as mask in the subsequent deposition of the desired material. This method 

itself can be considered a form of imprinting as well, since after removing the 

nanospheres the deposited layer retains the mask’s pattern. The introduction of 

nanosphere lithography to the MIP field was further motivated by the fact that in contrast 

to imprinting with free template it offers the possibility of oriented imprinting. NSL puts 

less stringent constraints on the polymer thickness compared to methods where the 

template is immobilized directly on the electrode hence limiting the appropriate thickness 

of the embedding polymer layer to the protein’s dimensions. By immobilizing the protein 

on support beads, the polymer thickness can reach the bead radius which can be orders of 

magnitude larger than the protein itself without hindering access to the formed binding 

sites. 

The proof of concept (Fig. 2) was demonstrated using avidin as template based on 

previous works by the group
4
. I have biotinylated the surface of 0.75 micron aminated 

latex beads which could then capture avidin in an oriented manner through one of its 

biotin-binding sites. The modification with Av having a pI of ca. 10.5 was verified by a 

significant shift of the zeta potential of the aliphatic amine modified beads to more 

positive, i.e. from −29.6 mV to +6.7 mV. The latex spheres were drop-casted on the 

surface of a gold-coated quartz crystal and the suspension was allowed to evaporate to 

deposit the beads. I have found that the beads’ arrangement was closer to the ideal 

hexagonal packing if (i) the gold surface was pre-treated in a UV/ozone chamber for 15-

30 min immediately prior to drop-casting the beads, (ii) the suspension was allowed to 

dry slowly by setting the relative humidity to 75%, and (iii) the amount of beads 

deposited was ca. four times the amount required for a closely-packed monolayer since 

an inevitable multilayer formation was observed near the cell walls. 

The voids of the sphere array were filled by electrodeposition of PEDOT/PSS. The 

thickness of the deposited polymer film was controlled by monitoring the polymerization 

current, and the charge density corresponding to embedding the nanospheres up to their 

half-height was determined. Finally the protein was detached from the particles which 

were then dissolved in toluene. The steps of polymer preparation were verified by 

fluorescence microscopy using FITC-labelled avidin (Fig. 4) 
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Figure 4.  Averaged fluorescence intensity at 528 nm from 240 different spots on the QCM chip surface 
(excitation: 470-490 nm): (a) Av-FITC modified latex spheres after deposition and embedding in PEDOT/PSS 
polymer; (b) after removal of Av-FITC by reduction of the disulphide linker; and (c) after dissolution of the 

latex spheres. Average fluorescence intensities recorded in similar conditions of: (b’) a layer of unmodified latex 
spheres and (c’) a plain PEDOT/PSS film are shown for comparison. The large standard deviation is due to the 
fact that the fluorescence is measured both from spots where fluorescent spheres are deposited as well as from 

inter bead voids. Please note that both the unmodified spheres and the PEDOT/PSS film show 
“autofluorescence”. 

The binding properties of the polymer film were investigated by nanogravimetry 

(QCM) using a flow cell by injecting increasing concentrations of avidin into the carrier 

buffer while monitoring the frequency change. Preliminary measurements suggested high 

levels of nonspecific protein adsorption which was significantly reduced by (i) blocking 

with thiolated tetraethyleneglycol the small gold spots on the MIP-coated quartz crystal 

that were exposed upon bead removal and (ii) by adding 0.01% Tween20 to the Tris-

EDTA carrier buffer. Avidin rebinding was repeatedly measured under such conditions 

on several polymers and the maximum surface coverage observed at the highest injected 

concentration was 1.384 µg cm
-2

 on the MIP and 0.208 µg cm
-2

 on the NIP (non-

imprinted polymer; synthesized in exactly the same way as the MIP but using unmodified 

latex nanospheres for patterning the PEDOT/PSS film, Fig. 5). The ratio of binding to the 

imprinted and non-imprinted polymers was 6.65 which was among the highest imprinting 

factors reported for protein MIPs. 

 

 

Figure 5. (a) Typical frequency response of Av binding to MIP and NIP. Injections of Av in increasing 
concentrations are marked by arrows (10−3 to 3×10−1 mg mL−1). (b) Binding isotherms of Av to the imprinted 
(filled squares) and nonimprinted (open squares) PEDOT/PSS patterns. The data points are the average of 

measurements performed on three different MIP- and NIP-modified quartz crystals. 

 

(a) (b) 



The MIP had an excellent selectivity against avidin-analogues (neutral and 

deglycosylated forms as well as another biotin-binding protein similar to avidin), but 

showed significant affinity towards lysozyme, a small protein of similarly high 

isoelectric point as avidin. This suggested that electrostatic interactions play an important 

role in the recognition. A major benefit of the proposed method is the significantly better 

selectivity than that obtained in earlier studies using randomly immobilized Av for 

imprinting
5
. 

3.2. High-throughput polymer synthesis by microelectrospotting 

I have fabricated a miniaturized electropolymerization cell using a micropipette tip 

which allowed the high-throughput electrosynthesis of thin polymer films of ca. 500 µm 

diameter. The pipette tip accommodated a Ag/AgCl wire which acted as 

counter/reference electrode while the tip, loaded with monomer solution, was contacted 

to a gold-coated SPR slide (working electrode). The scopoletin monomer was 

intermittently oxidized at 0.9 V to form a thin insulating polymer film over an area 

delimited by the micropipette tip. The application of pulsed potential was expected to 

enhance the incorporation of the protein template in the growing film by allowing time 

for the solution layer adjacent to the electrode to be replenished in the low diffusivity 

macromolecule. This microelectrospotting procedure was then repeated at different 

positions on the SPR slide while the composition of the monomer–protein mixture and 

the electropolymerization conditions were changed to obtain microarrays of surface-

imprinted nanometer-thin polymer spots (Fig. 6). The slide was then inserted in the SPR 

imaging instrument to monitor the rebinding experiments in a label-free manner for each 

spot. 

 

Figure 6. SPR image of an array of imprinted (D-F) and non-imprinted (A-C) scopoletin polymer spots 
prepared by microelectrospotting. 

The high-throughput fabrication and testing potential of the combination of 

microelectrospotting with SPR imaging was demonstrated by optimizing a 

polyscopoletin MIP for the recognition of ferritin. First the optimal polymer thickness 
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had to be determined because spots with very different thicknesses could not be 

measured simultaneously with the SPR instrument available at the time due to their 

largely different plasmon resonance curves. The thickness of the polymer film was 

optimized in order to incorporate as much of the template as possible without irreversibly 

entrapping it. Next various regeneration solutions were tested and 5 mM NaOH was 

found to remove the template most efficiently. The effect of monomer:template ratio and 

the composition of the rebinding buffer were also investigated. After fast optimization, 

an imprinting factor of 13 and 3-10-fold selectivity against various proteins was obtained. 

3.3. Template removal by proteolysis 

I have chosen proteinase K for the proteolytic removal of protein templates. This 

enzyme has a broad cleaving specificity, resulting in very small peptide fragments and 

even single amino acids. This is beneficial in terms of template removal since the small 

fragments are more easily washed out of the MIP network. I have investigated the 

digestion of HRP and avidin by proteinase K. These proteins are difficult to digest 

because they contain several disulphide bonds and post-translational modifications 

(glycosylation), moreover, avidin is a tetrameric protein. These properties make them 

good models: a procedure able to break down HRP and avidin into small peptides is 

likely to be generally applicable to other proteins as well. 

The native form of HRP and avidin were not efficiently digested by proteinase K. To 

facilitate their cleaving I have denatured the proteins with a surfactant and reduced and 

alkylated their disulphide bridges. Both pre-treatments were found to be necessary in 

order for the subsequent digestion to be efficient. The optimal duration of the proteolysis 

was 24h and the protease was needed in 1:1 mass ratio over the protein. 

I have then prepared two different MIP formats using HRP and avidin as template. 

The avidin-imprinted polymer was prepared by nanosphere lithography, with a slight 

alteration of the method for avidin immobilization described above. In this case, avidin 

was removed by the optimized digestion procedure using proteinase K. The digested MIP 

could rebind even somewhat greater amounts of avidin than the chemically cleaved MIP 

confirming the suitability of the proposed method for template removal (Fig. 7a). In 

another example I have prepared an HRP-imprinted polyacrylamide shell around silica 

core particles and applied the optimized digestion procedure to remove the template. This 

polymer (along with a non-imprinted control polymer prepared identically but in the 

absence of HRP) was tested in batch rebinding assays. The higher binding on the MIP 

indicated successful imprinting (Fig. 7b). 



 

Figure 7. (a) Dose-response curves of avidin rebinding to MIPs prepared by template removal with digestion 
(circles) or chemical cleavage of the crosslinker (diamonds). (b) Adsorption isotherm of HRP on MIP (filled 

squares) and NIP (empty squares) core-shell particles. 

4. Theses 

1. I have demonstrated that nanosphere lithography can be applied to generate 

surface-imprinted polymers for the recognition of proteins. As a proof-of-concept I 

have electrosynthesized an avidin-imprinted poly(3,4-ethylenedioxythiophene)/ 

poly(styrene sulfonate) film on a gold coated quartz crystal microbalance using 

self-assembled avidin-coated polystyrene nanospheres. The imprinted polymer was 

able to bind 6.5 times as much avidin as the non-imprinted control polymer, 

exhibiting an imprinting factor close to the state of the art. [Paper I] 

2. I have demonstrated the potential of site-directed imprinting in the creation of 

homogeneous binding sites. In the above system the avidin template was 

immobilized to the polystyrene beads in an oriented manner through one of its 

biotin-binding sites. This polymer showed higher selectivity against avidin-

analogues than a previously reported MIP prepared with the same polymer but with 

randomly immobilized avidin. [Paper I] 

3. I have developed a method for the localized electrochemical deposition (termed 

microelectrospotting) of molecularly imprinted polymers. I have fabricated a 

prototype micropipette tip accommodating a counter/reference electrode and 

demonstrated the microelectrospotting of ferritin-imprinted polyscopoletin spots of 

ca. 500 µm diameter on SPR chips. [Paper II] 

4. I have demonstrated that the combination of microelectrospotting and surface 

plasmon resonance (SPR) imaging leads to a high-throughput screening method 

which accelerates the optimization of the molecular imprinting process. This was 

demonstrated by the fast optimization of a ferritin-imprinted polymer, resulting in 

an outstanding imprinting factor of 13. [Paper II] 

 

a) b) 



5. I have proposed a widely applicable, improved enzymatic digestion protocol for 

template removal from protein imprinted polymers based on observations that HRP 

and avidin were not efficiently digested by proteinase K in their native state. The 

novel approach differs from existing proteolytic template removal protocols in that 

it contains a pre-treatment step involving denaturation of the protein with a 

surfactant and reduction of its disulphide bonds. I have demonstrated the 

applicability of the improved digestion protocol to remove covalently immobilized 

HRP and avidin from a core-shell and a nanostructured thin MIP film, respectively. 

[Paper V] 

5. Practical applicability of the results 

Our method based on nansphere lithography can be applied for the imprinting of 

other proteins as well. The proposed method has the following potential advantages: (i) 

the oriented immobilization of the macromolecular template on the nanosphere surface 

makes feasible site-directed imprinting of the respective macromolecules, (ii) the binding 

site density on the surface-imprinted polymer can be controlled by adjusting the surface 

density of the protein coating of the nanospheres, (iii) the nanosphere carrier imposes less 

strain on the control of the polymer film thickness as compared with surface-confined 

direct macromolecular imprinting requiring ultrathin smooth films. 

The novel format of microelectrospotting may open the route for high-throughput 

screening of protein-imprinted electrosynthesized MIPs. Besides, the presented approach 

may be used to generate an array of MIPs selective to different compounds, in order to 

simultaneously detect various analytes with the same chip. 

The proteolytic template removal procedure was tested on two different proteins that 

are difficult to digest and is expected to be generally suitable. Our procedure can promote 

research of promising approaches which require effective digestion for template removal, 

such as imprinting with immobilized protein molecules, but it can be advantageously 

applied in other imprinting techniques as well. 
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